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Self-Potential Anomalies and CO2 Flux on Active Volcanoes: Insights from Time
and Spatial Series at Masaya, Telica, and Cerro Negro, Nicaragua

Heather L. Lehto

ABSTRACT

Considerable effort worldwide has gone into monitoring heat and mass transfer at
active volcanoes, as this information may provide clues about changes in volcanic
activity and impending eruptions. One method used is the self-potential (SP) method,
which has been employed on volcanoes to map hydrothermal systems and structural
features and to monitor changes in the hydrothermal system due to volcanic activity.
Continuous monitoring of SP has been employed on a few volcanoes and has produced
encouraging results. This study presents new time series data collected from continuous
monitoring stations at Masaya and Telica, and spatial series data from Masaya, Telica,
and Cerro Negro, three active volcanoes in Nicaragua. The primary goals of this study
were to determine whether correlations between SP anomalies and CO2 flux exist and to
investigate temporal variations in temperature, SP, rainfall, and barometric pressure.
To achieve these goals, SP and CO2 flux surveys were conducted on Masaya,
Telica, and Cerro Negro, and continuous monitoring stations were installed on Masaya
and Telica. The continuous monitoring station on Masaya recorded temperature, SP,
rainfall, and barometric pressure. The station on Telica recorded temperature and SP.
v

Profiles collected on Masaya and Cerro Negro show broad correlation between SP and
CO2 flux. However, profiles on Telica revealed virtually no SP anomaly or CO2 flux for
the majority of the profile, at the time of data collection. Data collected from the
continuous monitoring station at Masaya showed a persistent positive SP anomaly that
fluctuated between 60 and 240 mV. Rainfall was seen to supress the anomaly for time
scales of several hours to several days. Correlations between temperature, SP, and
barometric pressure were also seen at Masaya. Curiously, no increases in SP were seen
during two temperature transients that occurred during volcanic activity in June and
October. Continuous monitoring data from Telica showed only decreases in
temperature and SP, which coincided with rainfall. The continuous monitoring data
collected in this study and others have begun to provide a better understanding of the
nature of SP anomalies, which may aid in the development of the SP method as a volcano
monitoring tool.

vi

Introduction

Studies of heat and mass transfer have gained attention over the past few years in
the hope that the information these studies provide can help predict changes in volcanic
activity and impending eruptions. One method used to study these phenomena is the selfpotential (SP) method. The SP method has traditionally been used in mining to locate
metallic ore but has more recently been applied to geothermal and volcanic areas with
promising results (e.g., Hashimoto and Tanaka, 1995; Zlotnicki et al., 2001; Friedel et al.,
2004).
The SP method involves the measurement of the electric potential between two
points on the ground surface using two non-polarizing electrodes and a high-impedance
voltmeter. The electric potential measured by the electrodes is created by the primary
flow of ions (heat or fluid flow in the subsurface) which induces a current that interacts
with the resitivity structure and creates an electric potential according to Ohm’s law
(Nourbehecht, 1963; Sill, 1983; Revil et al., 2003).
An SP survey is conducted by placing one electrode, the reference electrode, in
the ground, preferably in an area of no anomalous flow, and then moving the roving
electrode along the survey line or throughout a map area and recording the electric
potential between the two electrodes. By convention, the roving electrode is attached to
the positive terminal of the voltmeter and the reference electrode is connected to the
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negative terminal. Anomalies are identified in SP surveys when excess positive charge
accumulates at the roving electrode, yielding a positive SP anomaly, or when excess
negative charge accumulates at the roving electrode, yielding a negative anomaly (Figure
1).

Roving
Electrode

Roving
Electrode

Reference
Electrode

Reference
Electrode

Figure 1. Schematics of electrical potential generation and the relation to the polarity of
the SP anomaly. Electrical potential generation is due to the interaction of a current,
induced by subsurface flow of heat or fluids, with the resistivity structure, according to
Ohm’s law. Left: A positive SP anomaly would be recorded due to the conventional
electrode setup, for example, where hydrothermal upwelling occurs near the positive
electrode. Right: A negative SP anomaly would be recorded if there is excess negative
charge near the positive electrode, such as where downward flow of fluids occurs.

The SP method has been used on volcanoes to detect SP anomalies with a wide
range of amplitudes of positive and negative polarity. The spatial distribution of these
anomalies has been used to determine the boundaries of structural features, such as
fracture zones, as well as hydrothermal systems (Massanet and Pham, 1985; Jackson and
Kauahikaua, 1987; Michel and Zlotnicki, 1998; Aubert et al., 2000; Finizola et al., 2002;
Finizola et al., 2004). Repeated SP surveys have also been used to study changes in the
SP anomaly over time scales of several days to years (Dzurisin et al., 1980; Di Maio and
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Patella, 1994; Hashimoto and Tanaka, 1995; Zlotnicki et al., 2003; Aizawa, 2004). In
addition, a few researchers have recently employed continuous SP monitoring to study
the variation of SP on short time scales, with promising results (Hashimoto and Tanaka,
1995; Zlotnicki et al., 2001; Friedel et al., 2004).
The purposes of this study are two-fold; first to determine whether SP anomalies
detected on Masaya, Telica, and Cerro Negro correlate with CO2 flux. Second, to
determine, through continuous monitoring of temperature, SP, barometric pressure, and
rainfall at Masaya and Telica, whether the SP anomaly persisted throughout the year,
what effect rainfall had, what would happen to the SP anomaly during the dry season, and
how changes in ground temperature, due to changes in volcanic activity, would affect the
SP anomaly.

Origins of Self-Potential (SP) Anomalies
Despite the many SP surveys conducted on volcanoes around the world, the
source mechanisms that generate these anomalies are still not completely understood. All
possible source mechanisms can be understood through the theory of irreversible
thermodynamics which applies classical thermodynamic principles to states of nonequilibrium, such as systems in flow (Nourbehecht, 1963). The general equation for
coupled flow is written as
J i = ∑ Lij X j

(i = 1, 2, 3 … n and j = 1, 2, 3 … m)

j
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(1)

where flow Ji (such as heat, electrical current, etc.) is due to a driving force Xj (such as
temperature gradient, pressure gradient, etc.) and a cross-coupling coefficient Lij, and i
and j represent the different types of secondary and primary flow, respectively.

Thermoelectric Coupling
A temperature gradient across a sample of rock will produce an electric potential
across the rock. This is called the thermoelectric effect. The driving forces responsible
for the heat flow JT (J m-2 s-1) and electric current density IT (A m-2) are the temperature
gradient ∇ T (K m-1) and electric potential gradient ∇φ (V m-1), respectively. The
equations for JT and IT are

J T = − σ π ∇φ − λ ∇T , and

(2)

I T = − σ ∇φ − θ ∇T ,

(3)

where σ and λ are the electrical conductivity (S m-1) and thermal conductivity (m kg s-3
K-1), respectively and π and θ are the Peltier coefficient (kg m2 s-3 A-1) and
thermoelectric coefficient (A m-1 K-1), respectively (Zlotnicki and Nishida, 2003). The
thermoelectric coupling coefficient C is defined as ∇φ / ∇T .
Modeling by Nourbehecht (1963) and Corwin and Hoover (1979) showed that in
the case of a buried, spherical body subjected to an elevated temperature (100 °C) and
centered between two horizontal layers with thermoelectric couple coefficients C1 and C2
the maximum surface voltage expected is 0.15 (C1 – C2) ∇T . Using a realistic value of
0.2 mV/°C for (C1 – C2), the maximum voltage expected in this idealized case due to the
thermoelectric effect is 3 mV.
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Electrochemical Effect
An electrical potential can also be generated by chemical diffusion of ions
between chemical concentration cells. In this case the driving forces are the
concentration gradient ∇C (m-4 mol) and the electric potential gradient ∇φ (V m-1). The
chemical flux JC,m (mol m-2 s-1) and the electric current density IC (A m-2) are expressed
as
J C ,m = − ( Dm Z m C m F / R T ) ∇φ − Dm ∇C m , and

(4)

I C = − F {∑ ( Dm Z m C m F / R T ) ∇φ + Dm Z m ∇C m } ,

(5)
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where Dm, Zm, and Cm are the diffusion coefficient (m2 s-1), charge number, and
concentration of the mth ion (m-3 mol), respectively. F, R, and T are Faraday’s constant
(A s mol-1), the gas constant (J K-1 mol-1), and absolute temperature (K), respectively
(Zlotnicki and Nishida, 2003). Nourbehecht (1963) estimated that potentials created by
electrochemical effects could not exceed 20 mV when modeled using experimentallyobtained values of electrochemical coupling coefficients for various rock samples.

Oxidation-Reduction Reactions
Volcanic gases containing H2S, SO2, and CO2 that interact with groundwater can
generate negative SP anomalies through chemical reactions that produce SO4− , HCO 3− ,
and CO3− ions (Massenet and Pham, 1989; Zlotnicki and Nishida, 2003). However, it has
been shown that the amplitude of an SP anomaly produced through the common
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oxidation-reduction reactions is not large enough to account for the anomalies observed
on volcanoes (Zlotnicki and Nishida, 2003).

Electrokinetic Coupling
The flow of a fluid through a porous medium will generate an electric potential
gradient along the flow path due to the interaction of the fluid with the electrical double
layer. The resulting potential is called the electrokinetic, or streaming, potential. When a
fluid comes in contact with certain minerals an electrical double layer is formed along the
surface of the mineral. The electrical double layer contains an outer Gouy-diffuse layer
and an inner Stern layer. The mineral has a net negative charge, while the outer diffuse
layer has a net positive charge. Once a pressure gradient is established the induced fluid
flow shears off the outer diffuse layer along a shearing plane (Figure 2). The electric
potential across the shearing plane is called the zeta potential ζ and plays an integral role
in the electrokinetic or streaming potential, as the magnitude of ζ controls the charge
difference the develops across the shearing plane. The fluid flux JE (m s-1) and the
electric current density IE (A m-2) are induced by the electrical potential gradient ∇φ (V
m-1) and the pressure gradient ∇P (Pa m-1), respectively. The equations for fluid flux JE
and current density IE have the form
⎛k⎞
J E = − L ∇φ − ⎜⎜ ⎟⎟ (∇P − ρ g ),
⎝η ⎠

(6)

I E = − σ ∇φ − L(∇P − ρ g ), and

(7)

6

L
⎛ ∇φ ⎞
C= ⎜
⎟ I E =0 = − = − ε ζ / σ η ,
σ
⎝ ∇P ⎠

(8)

where C is the electrokinetic coupling coefficient (V Pa-1), L (m2 V-1 s-1) represents both
the electrokinetic coupling coefficient and the electroosmotic coupling coefficient, k is
the permeability of the medium (m2), ρ is the mass density of the fluid (kg m-3), σ is the
electrical conductivity (S m-1), ε is the dielectric constant (F m-1), η is the dynamic
shear viscosity of the fluid (Pa s-1), and ζ is the zeta potential (V).
It has been shown that ζ is negative for rocks and minerals with pH above two
but becomes positive for pH below two (Ishido and Mitzutani, 1981; Hase et al., 2003).
Closer inspection of Equation (8) shows that a negative ζ will produce a positive SP
anomaly while a positive ζ will produce a negative SP anomaly.

Figure 2. Diagram of the charge distribution at the mineral/fluid interface and the zeta
potential ζ across the shearing plane, S (after Antraygues and Aubert, 1993). φ0 is the
surface potential. In this case ζ is negative, the Gouy-diffuse layer is enriched in
positive ions, and a positive SP anomaly results.
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Recent modeling by Bolève et al. (2007) of SP anomalies due to groundwater
flow suggests that the streaming current density may be directly related to the seepage
velocity of the groundwater and to the excess electrical charge per unit pore volume in
the porous material. The authors argue that the new formulas are better suited for use in
SP modeling because they take into account the permeability of the porous medium and
can be applied to unsaturated conditions.

Rapid Fluid Disruption (RFD)
Recently Johnston et al. (2001) proposed rapid fluid disruption (RFD) as a
mechanism for generating SP anomalies on volcanoes. RFD is a process by which
charge separation occurs due to rapid vaporization of fluids and has been proposed to
explain high amplitude SP anomalies observed on volcanoes in areas far above the
groundwater table. Although RFD most likely does play a role in generating SP
anomalies in some areas, its significance is still hotly debated (Revil, 2002; Johnston et
al., 2002; Lewicki et al., 2003).

SP Surveys on Active Volcanoes
SP surveys conducted on active volcanoes can be put into three basic categories:
those that focus only on spatial variations, those that include both spatial and temporal
variations, and those that concentrate on temporal variations only. Spatially varying
surveys have generally been geared towards describing the structure of hydrothermal
systems on active volcanoes (Jackson and Kauahikaua, 1987; Aubert et al., 2000; Kanda
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and Mori, 2002; Finizola et al., 2002; Finizola et al., 2003; Finizola et al., 2004), or used
to demonstrate correlations with gas flow (Lewicki et al., 2003). Some workers have
begun collecting repeated or continuous SP maps and profiles to study spatial and
temporal variations in the hydrothermal system due to volcanic activity (Dzurisin et al.,
1980; Massenet and Pham, 1985; Di Maio and Patella, 1994; Hashimoto and Tanaka,
1995; Michel and Zlotnicki, 1998; Sasai et al., 2002; Zlotnicki et al., 2003; Aizawa,
2004). The use of continuous SP monitoring to study temporal variations has also
recently been employed on Unzen (Hashimoto and Tanaka, 1995), Merapi (Friedel et al.,
2004), and Piton de la Fournaise (Zlotnicki et al., 2001).

Spatial variation
Spatial SP surveys have been performed on several volcanoes with mixed results.
Although the method is the same, the scales of spatial surveys are very different, which
may play a role in the variation in the results obtained. Spatial surveys completed using a
coarse grid (50-110 m grid spacing) on volcanoes such as Kilauea (Dzurisin, 1980;
Jackson and Kauahikaua, 1987), Misti (Finizola et al., 2004), Satsuma-iwojima (Kanda
and Mori, 2002), Piton de la Fournaise (Michel and Zlotnicki, 1998), Etna (Di Maio and
Patella, 1994), Unzen (Hashimoto and Tanaka, 1995), and Fuji (Aizawa, 2004) all show
SP highs centered on the crater or recently active fracture zones and SP lows along the
flanks. However, the results of surveys conducted using a much finer grid spacing the
can be quite different. An SP map created on Stromboli, using 20 m grid spacing, shows
a complex pattern of SP highs and lows along the flanks and at the summit (Finizola et
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al., 2002). The pattern of the highs and lows is also of both short- and long-wavelength,
suggesting that SP signals may in fact be more complex than those seen with larger grid
spacing. A single profile collected on Merapi volcano in Indonesia also contains a
repeating pattern of SP highs followed by SP lows (Aubert et al., 2000). With a much
finer grid spacing of 1 m, even more detail in the SP pattern on volcanoes can be seen.
SP profiles collected across an inferred fracture zone at Masaya (Lewicki et al., 2003)
using 1 m grid spacing show a pattern of SP highs followed by SP lows similar to that
seen at Merapi. In 2003 a much finer scale (1 m grid spacing) survey was conducted in
the summit crater at Stromboli (Finizola et al., 2003). This survey revealed a complex
pattern of short- and long-wavelength anomalies. This suggests that SP anomalies on
volcanoes are characterized by a much more complex pattern of long- and shortwavelength anomalies than previously believed, or mapped.

Temporal Variation
The use of repeated SP surveys to study temporal changes in the hydrothermal
system due to volcanic activity has been employed at several volcanoes with varying
results. Repeated surveys on Kilauea (Dzurisin, 1980), Etna (Di Maio and Patella, 1994),
and Piton de La Fournaise (Michel and Zlotnicki, 1998; Zlotnicki et al., 2001) showed
increases in SP during times of increased volcanic activity. Changes in SP spanned a
wide range of values from 20 mV (Kilauea) to 1500 mV (Piton de La Fournaise). A
repeated survey conducted on Fuji (Aizawa, 2004) showed a decrease in SP of 350 mV
around the same time as the appearance of a new group of fumaroles. On Miyake-jima
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repeated SP monitoring revealed changes in SP leading up to the July 8, 2000 crater
collapse of +10 to +25 mV when both electrodes were located outside of the future crater
boundary and -10 to -25 mV when one electrode was positioned inside the future crater
boundary (Zlotnicki et al., 2003). The grid spacing of the repeated surveys discussed
above was 61 m, 110 m, 50 m, 200 m, and 100 m for Kilauea, Etna, Piton de La
Fournaise, Fuji, and Miyake-jima, respectively.
Continuous SP monitoring has only been employed on a handful of volcanoes
worldwide. Continuous SP monitoring on Unzen during a lava dome extrusion in May
1991 (Hashimoto and Tanaka, 1995) showed the first promising results. The SP station
on Unzen consisted of pairs of electrodes spaced 725-1000 m apart with a sampling
interval of 40 minutes. Beginning in March 1991 the SP signal at several stations began
a steady increase until the time of the eruption onset when the signal then leveled off.
The maximum increase in SP was 600 mV at the center of the anomaly. At Piton de La
Fournaise (Zlotnicki et al., 2003) continuous SP monitoring over several years, using
electrodes with 200 m grid spacing, has shown a long term seasonal variation that does
not display a uniform change in amplitude. Continuous monitoring around the time of
the March 9, 1998, eruption displayed very low frequencies during fluctuations in SP that
were postulated to have been in the ULF (ultra-low frequency, 0.1-10 Hz) band, but
could not be resolved below the 20 second sampling interval employed. These low
frequencies were not seen during the eruption, however; instead an increase in SP of 250
mV was seen approximately one day before the eruption started and decreases in SP of
750 mV were detected during times when fractures were known to have opened. The
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increase in SP recorded before the eruption was interpreted as an upward flow of positive
ions due to increased volcanic activity. Conversely, the decrease in SP was considered to
be due to fluid flow into the recently opened fractures. Continuous monitoring of
rainfall, temperature, and SP on Merapi (Friedel et al., 2003) utilized a 20 to 75 m grid
spacing and a sampling interval of 20 s for SP and 0.25 s for temperature. Long term
correlations were seen between temperature change and SP as well as short-term
responses to rainfall in both temperature and SP. The short-term responses to rainfall
generally consisted of decreases in temperature seen 4 – 5 h after a rainfall event and
increases in SP with maximums seen 2 – 4 h after a rainfall event. Periodic variations of
12 h were also observed after times of rainfall during the dry season and were attributed
to changes in atmospheric pressure. The continuous SP monitoring studies conducted so
far have begun to highlight some of the issues that face the use of continuous SP as a
monitoring tool, such as grid spacing, sampling interval, and phenomena that influence
the SP signal (i.e., rainfall and periodic variations).

Geologic Setting
Located along the Central American Volcanic Front, Masaya, Telica, and Cerro
Negro are three of Nicaragua’s most active volcanoes (Figure 3). Masaya (Figure 4), is
located 25 km south of the capital city of Managua and consists of a series of basaltic
shield volcanoes, calderas, cinder cones, and pit craters formed by a series of Plinian
basaltic eruptions (Williams-Jones et al., 2003, MacNeil et al., in-press). The two main
cinder cones, Masaya and Nindirí, house the summit pit craters Masaya, Nindirí, and the
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currently active Santiago crater. The first historical eruption, described by the Spanish in
1524, occurred at Nindirí crater. Activity at Nindirí crater consisted mostly of lava lake
formation, the crater became inactive when Santiago crater was formed around 1859.
Activity at Santiago crater consists mostly of periods of passive degassing during which
times incandescence or a lava lake is sometimes visible in the crater vents. The most
recent activity has been confined to reports of incandescence in Santiago crater from June
through October 2006 and January through March 2007, a vent widening event in June
2006, and the establishment of a new vent and lava lake in October 2006.

Figure 3. Location map and shaded relief map of the study area.
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Figure 4. Shaded relief maps of Masaya showing locations of the Comalito Site,
Fumarole Field Site, and Hilltop Site.

Telica (Figure 5), located approximately 110 km northwest of Managua in the
district of Leon, is a 1061 m high basaltic andesitic stratovolcano. The volcano consists
of several pit craters along an east-west alignment. The active crater is approximately
400 m wide and 200 m deep with vertical or overhanging walls and a 40 m wide vent
(Roche et al., 2001). Current activity at Telica consists of gas, steam, and minor ash
eruptions on August 4 and 6, 2006, December 11 and 27, 2006, January 9, 2007, and
February 6, 15, and 17, 2007.
Cerro Negro (Figure 5) is a 250 m high basaltic cinder cone located 70 km
northwest of Managua. The cone was formed in 1850 and has erupted frequently with its
most recent eruption in 1999. Eruptions at Cerro Negro have ranged from Strombolian to
sub-Plinian and commonly produce flank vents (LaFemina et al., 2004). Cerro Negro
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contains two active cones: a main cone and a smaller cone which formed inside the main
cone during the 1995 eruption. Lava flows from the 1995 eruption breached the
northeast rim of the main cone. Activity during the 1999 eruption was mostly confined to
flank eruptions with no activity inside the main crater (LaFemina et al., 2004).

Figure 5. Left: Shaded relief maps of Telica showing site location. Right: Shaded relief
maps of Cerro Negro showing site location.
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Methods

SP and CO2 Flux Profiles
SP and CO2 flux profiles were collected on Masaya in May 2006, Telica in June
2006, and Cerro Negro in August 2006, using 1 m grid spacing for SP measurements and
2 m grid spacing for CO2 flux measurements. The profiles ranged in length from 20 m to
100 m, depending upon anomaly width. SP measurements were made using nonpolarizing Pb-PbCl2 electrodes available commercially. CO2 flux measurements were
made using a LICOR Li-800 portable gas fluxmeter. Profiles on Masaya were located at
the base of Comalito cinder cone (Comalito Site, Figures 4 and 6), at a site located on the
flank of the volcano above the Comalito Site (Hilltop Site, Figures 4 and 6), and at a
fumarole field located between the Hilltop Site and the Comalito Site (Fumarole Field
Site, Figures 4 and 6). The profiles on Telica were located along the crater rim, next to
the seismic station (Figures 5 and 7). The profiles on Cerro Negro were located along the
southwest rim of the main crater (Figures 5 and 7). All surveys were completed in areas
with minimal elevation change so as to avoid including any topographic effects in the SP
data.
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Continuous SP Monitoring
Continuous SP, temperature, and rainfall measurements were recorded at the
Comalito Site on Masaya (Figures 4 and 6) from May 2006 through March 2007. SP and
temperature measurements were recorded next to the seismic station at Telica (Figures 5
and 7) during the same time period as at Masaya. Continuous data were collected at five
minute intervals using a Cambell Scientific datalogger, non-polarizing Pb-PbCl2
electrodes, and chromel-alumel thermocouples. Two sets of electrodes were used for the
continuous SP readings. The first set was used from May through August 2006 and was
purchased commercially. The second set of electrodes was constructed using a design by
Petiau (2000) and was used between August 2006 and March 2007. The construction and
performance of these electrodes will be discussed in the following section.
The continuous SP monitoring station located at Masaya was placed inside a
metal cage located on a fumarole (Figure 6). The datalogger, solar panel, rain gauge,
four thermocouples, and one electrode were installed inside the cage. One electrode and
one thermocouple were installed outside the cage. The electrodes were placed ~6 m
apart, one at the top of the slope inside the metal cage and one at the bottom of the slope
(Figure 6). Both electrodes were placed a few cm into the ground and secured so as to
maintain contact with the ground. Four of the five thermocouples were buried at depths
of 33 cm, 65 cm, 90 cm, and 150 cm inside the cage, and one thermocouple was installed
in a fumarole ~7 m away from the others.
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Electrode 1

Electrode 2

Line 2
Line 1
Line 0

Figure 6. Photographs of sites at Masaya. Top Left: Comalito Site. Datalogger, solar
panel, and rain gauge visible inside the cage. One electrode and five thermocouples
located inside the cage. The other electrode is located down the slope to the right side of
the photo and one thermocouple located in a fumarole to the left side of the photo.
Approximate location of SP and CO2 flux profiles are shown by black lines. Top Right:
Comalito Site. Approximate location of electrodes used for continuous SP monitoring
shown. Photo courtesy of D. Roman, 2007. Bottom Left: Fumarole Field Site.
Approximate location of SP and CO2 flux profile lines are shown as black lines. Bottom
Right: Hilltop site. Datalogger is shown in center-left of photo. Approximate location of
SP and CO2 flux profiles are shown as black lines, arrow indicates profiles continue off
edge of photo.
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Electrode 1
and T1

T2

Electrode 2
and T3

Figure 7. Photographs of sites at Telica and Cerro Negro. Left: Seismic Station at
Telica. Datalogger is located inside seismic station. Electrodes and thermocouples are
located down slope at the right side of the photo. SP and CO2 flux profiles taken along
rim next to seismic station. Right: Location of SP and CO2 flux profiles at Cerro Negro.
Profiles taken along the measuring tape shown.

At Telica the continuous SP monitoring station included a datalogger, three
thermocouples, and two electrodes. The datalogger was installed inside a seismic station
maintained by staff at INETER and located next to a slope containing a bank of
fumaroles. The thermocouples were buried at three levels down the slope; the one
farthest downhill (T1) was placed directly in the fumarole, one (T3) was placed at the top
of the hill in an inactive area, and the third (T2) was placed roughly halfway between the
other two in the fumarole. One of the electrodes was installed next to T1 and the other
installed next to T3 (Figure 7). This station did not include a rain gauge: however, rain
data collected from a gauge located ~26 km to the northeast and averaged over a day was
supplied by INETER and is included in Figure 13.
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Design and Performance of Pb-PbCl2 Electrodes
In August 2006 the commercial Pb-PbCl2 electrodes used for continuous
monitoring at Masaya and Telica were replaced with Pb-PbCl2 electrodes constructed
after a design by Petiau (2000) as the porous ceramic bottoms of the commercial set of
electrodes had begun to dissolve (Figure 8). The electrodes were constructed by mixing
kaolinite, PbCl2, and KCl to form a paste which filled a PVC pipe with a porous ceramic
bottom. A lead wire was soldered to a copper wire and secured to a PVC cap, which was
then used to seal the electrode. The cost to produce one electrode was approximately
$20, while the cost of one commercial electrode was approximately $100. The new
electrodes installed on Telica produced little to no noise. The new electrodes installed on
Masaya introduced noise with a frequencies above 0.03858 Hz (Figure 9), which is
believed to have been due to weaknesses in the connection between the lead wire and
copper wire. However, the noise is easily removed with a simple low-pass filter (Figure
13).
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Figure 8. Left: Schematic design of Pb-PbCl2 electrodes from Petiau (2000). Right:
Photograph of electrodes constructed using design by Petiau (2000).

Figure 9. Graph of self-potential and rainfall data collected between May, 27, 2006 and
March 19, 2007, showing noise added when new electrodes were installed on Masaya.
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Results

SP and CO2 Flux Profiles
Profiles collected on Masaya showed good correlation between SP and CO2 flux
(Figures 10 and 11). In general peaks in SP corresponded to broad areas of high CO2
flux, centered over fracture zones. The largest amplitude SP anomaly of 82 mV was
seen at the Fumarole Field Site, Line 0. However, the largest CO2 fluxes of 2100 g/m2 d
and 2000 g/m2 d were recorded at the Fumarole Field Site, Line 2 and the Hilltop Site,
respectively. SP profiles tended to be smoother overall than CO2 flux profiles at all sites.
SP
CO2 Flux

Figure 10. Top: SP and CO2 Flux profiles from Masaya; Comalito Site, Line 1. Bottom:
SP and CO2 Flux profiles from Masaya; Hilltop Site. Red pluses are SP measurements
and blue triangles are CO2 flux measurements.
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SP
CO2 Flux

Figure 11. Top: SP and CO2 Flux profiles from Masaya; Fumarole Field, Line 0.
Center: SP and CO2 Flux profiles from Masaya; Fumarole Field, Line 1. Bottom: SP and
CO2 Flux profiles from Masaya; Fumarole Field, Line 2. Red pluses are SP
measurements and blue triangles are CO2 flux measurements.
The profile collected on Telica shows a much different pattern. There is virtually
no SP anomaly and extremely low CO2 flux for the majority of the profile (Figure 12).
The readings began to increase near the end of the profile (nearest to the active crater),
with SP values reaching 40 mV and CO2 flux readings reaching 155 g/m2 d. The drop in
SP values from 34 m to 44 m is due to interference from a concrete pad. Unlike the
profile collected at Telica, the SP profile at Cerro Negro shows a clear increase toward
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the fumarole area at ~20 m, reaching a maximum of 115 mV at 36 m (Figure 12). The
CO2 flux also has a maximum of 4300 g/m2 d at the same point, before returning to the
previous level.
SP
CO2 Flux

Concrete
Pad

Fumarole

Figure 12. Top: SP and CO2 Flux profiles from Telica. Bottom: SP and CO2 Flux
profiles from Cerro Negro. Red pluses are SP measurements and blue triangles are CO2
flux measurements.

Continuous SP Monitoring: Masaya Volcano
Representative plots of the data recorded at the continuous monitoring station at
Masaya from May 27, 2006 through March 19, 2007 are shown in Figures 13 through 18.
Plots of the entire data set can be found in Appendix 1. The data collected at Masaya
show a wide range in both temperature and SP (Figure 13). A persistent positive SP
anomaly, which fluctuated between 60 and 240 mV, was seen throughout the monitoring
period, even during times of rainfall. Two temperature transients, which were recorded
24

in June and October 2006, are easily seen in the spectrogram for the thermocouple at 90
cm; however they are not as obvious in the spectrogram for SP (Figure 14). This may be
due in part to the increased noise seen in SP due to the use of the new electrodes.

Figure 13. Temperature and rainfall data (top) and SP and rainfall data (bottom) for the
period from May 27, 2006 through March 19, 2007 from Masaya. The SP data have been
filtered using a low-pass filter to remove frequencies above 0.03858 Hz.

Rainfall had the largest effect on the SP anomaly with larger rain events
corresponding to the largest drops in SP (Figure 15). Rain events with magnitudes of
approximately 10 mm or less did not have an effect on the SP anomaly and generally
coincided with times of SP increase. A positive SP anomaly of 60 to 220 mV persisted
throughout the rainy season with recovery times after large rain events lasting from
several hours to several days, depending on the magnitude of the rain event (Figure 13).

25

Rainfall also had a stabilizing effect on SP, as diurnal variations were smaller during the
rainy season than during the dry season.

Figure 14. Spectrograms of SP (top) and temperature (bottom) from the thermocouple at
90 cm. SP and temperature data used in the spectrograms are unfiltered.

Figure 15. Rainfall magnitude versus SP recorded during times of heaviest rainfall in
July and October.
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The temperature transients in June and October produced the largest increases in
temperature seen during the monitoring period of 3 – 9 °C and 0.5 – 4 °C, respectively
(Figures 16 and 17). Temperature increases during both transients generally coincided
with the onset of rain events with only a few exceptions. However, temperature increases
did not occur for every rain event throughout the monitoring period. Some of the largest
rain events, seen during July, did not correspond to increases in temperature as seen
during June and October (Figure 13). There were also two times, on June 8 – 9 and June
10, when the temperatures fluctuated during times without rainfall as recorded by the
thermocouples at 65, 90, and 150 cm but not by the thermocouples at 33 cm or 7 m away
from the system (Figure 16).
Despite the large increases in temperature seen during the June and October
transients there were no increases recorded in the SP anomaly. Instead the only
fluctuations seen in the SP were decreases which coincided with rain events (Figures 16
and 17). There were also several times throughout the monitoring period when
significant (27 – 80 mV) increases in SP were recorded with no apparent change in any
other monitored signal (Figure 13). The increases occurred around the same time each
month from June through January, with larger increases occurring during the dry season.
Periodicity during the entire monitoring period in SP and barometric pressure was
dominated by 12 and 24 hour periods. Temperature was also dominated by a 24 hour
period, but contained a much less dominant 12 hour period. Rainfall displayed no
dominant periods (Figure 18). Periodicity during the June and October anomalies
changed drastically, showing no 12 or 24 hour periods in SP, barometric pressure, or

27

temperature (Figures 19 and 20). In addition to the diurnal and semi-diurnal periodicity
seen, an overall increasing trend was also recorded in temperature and SP (Figure 13).
The trend in temperature ranged from 0.004 °C/day for the thermocouple at 150 cm to
0.009 °C/day for the thermocouple at 65 cm, while the trend in SP was 0.44 mV/day.
After the rainy season ended in January, 2007 the temperature and SP signals
began to display a prominent diurnal component with much larger daily variations than
had been seen before. An inverse correlation was seen between SP and temperature
during some of the time series (Figures 21, 22, and 23). Peaks in SP were seen to occur
approximately two hours before temperature lows. Likewise, SP lows occurred
approximately two hours before temperature highs. However, when variations in
temperature begin to show a longer wavelength the SP signal remains regular (Figure 23).
An inverse relationship was also seen between diurnal variations in temperature and
barometric pressure (Figures 21, 22, and 23). Temperature maxima generally coincided
with lows in barometric pressure while temperature minima were seen to coincide with
highs in barometric pressure. The temperature maxima and minima sometimes lagged
barometric pressure by a half hour to an hour or did not correlate at all, such as was seen
between February 17 through 19 (Figure 23). Small changes in barometric pressure of
~0.3 to 0.6 KPa were seen to have a broad correlation with large changes in SP of ~100
mV on a diurnal and semi-diurnal basis, during some parts of the times series (Figures
21, 22, and 23). The SP anomalies appear to be slightly out of phase, however, with
barometric pressure. Specifically, SP maxima precede barometric pressure maxima by
approximately two hours. Similarly, SP minima precede barometric pressure minima by
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about two hours (Figures 21, 22, and 23). A semi-diurnal component seen in barometric
pressure also coincided with small scale fluctuations in SP (Figures 21, 22, and 23). In
the case of this semi-diurnal component, the signals coincided exactly in phase.

Figure 16. Temperature and rainfall data (top) and SP and rainfall data (bottom) recorded
during the temperature transient in June 2006 at Masaya. Increases in temperature of 3 –
9 °C coincided with the onset of rainfall for all rain events except for the rain event on the
morning of June 8. There were no large increases in SP associated with temperature
increases observed during this time period, only decreases which coincided with rainfall.
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Figure 17. Temperature and rainfall data (top) and SP and rainfall data (bottom) recorded
during the temperature transient in October 2006 at Masaya. Increases in temperature of
0.5 – 4 °C coincided with the onset of rainfall for all rain events except for rain events
between October 15 – 17 and on the morning of October 25. There were no large
increases in SP associated with temperature increases observed during this time period,
only decreases which coincided with rainfall.
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24 hr

24 hr

12 hr

12 hr

24 hr

12 hr

Figure 18. Spectral estimates of SP (top left), barometric pressure (top right),
temperature at the thermocouple at 90 cm (bottom left), and rainfall (bottom right).
Showing dominant 12 and 24 hour periods in SP and barometric pressure, a dominant 24
hour period with a much smaller 12 hr component in temperature, and no periods in
rainfall.
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24 hr

24 hr

12 hr

12 hr

24 hr

12 hr

Figure 19. Spectral estimates of SP (top left), barometric pressure (top right), and
temperature at the thermocouple at 90 cm (bottom) during the June 2006 temperature
transient. Showing no dominant 12 or 24 hour periods in SP, barometric pressure, or
temperature.
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24 hr

24 hr

12 hr

12 hr

24 hr

12 hr

Figure 20. Spectral estimates of SP (top left), barometric pressure (top right), and
temperature at the thermocouple at 90 cm (bottom) during the October 2006 temperature
transient. Showing no dominant 12 or 24 hour periods in SP, barometric pressure, or
temperature.
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Figure 21. Temperature at the thermocouple at 90cm, barometric pressure, and SP
recorded from February 1, 2007 through February 6, 2007 at Masaya. Inverse
relationships seen between temperature and SP and between temperature and barometric
pressure. SP maxima/minima occur approximately two hours before temperature
minima/maxima. Temperature maxima/minima generally coincide with BP
minima/maxima, but sometimes lag by one half to one hour. SP and barometric pressure
show a broad correlation, with SP maxima/minima occur approximately two hours before
barometric pressure minima/maxima. The semi-diurnal component seen in barometric
pressure coincides exactly in phase with small scale fluctuations in SP.
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Figure 22. Temperature at the thermocouple at 90cm, barometric pressure, and SP
recorded from February 8, 2007 through February 13, 2007 at Masaya. Inverse
relationships seen between temperature and SP and between temperature and barometric
pressure. SP maxima/minima occur approximately two hours before temperature
minima/maxima. Temperature maxima/minima generally coincide with BP
minima/maxima, but sometimes lag by one half to one hour. SP and barometric pressure
show a broad correlation, with SP maxima/minima occur approximately two hours before
barometric pressure minima/maxima. The semi-diurnal component seen in barometric
pressure coincides exactly in phase with small scale fluctuations in SP.
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Figure 23. Temperature at the thermocouple at 90cm, barometric pressure, and SP
recorded from February 15, 2007 through February 20, 2007 at Masaya. During
breakdowns in the diurnal variations in temperature the diurnal variations in SP and
barometric pressure remain very regular.
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Continuous SP Monitoring: Telica Volcano
Representative plots of the data recorded at the continuous monitoring station at
Telica from June 1, 2006 through March 21, 2007 are shown in Figures 24 and 25. Plots
of the entire data set can be found in Appendix 2. Continuous monitoring data collected
at Telica displayed much less variation in both SP and temperature than was seen at
Masaya (Figure 24). Short term increases in temperature were not seen at Telica, instead
most short term temperature changes were decreases in temperature.

Figure 24. Temperature and rainfall data (top) and SP and rainfall data (bottom) for the
time period from June 1, 2006 through March 21, 2007 at Telica. Rainfall data are from
a rain gauge located ~26 km away from the volcano. Large variations in temperature
recorded in June through September at T3 are due to poor wire connections.
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Variations of SP and temperature due to rainfall can only be suggested due to the
large distance between the rain gauge and the continuous monitoring station (~26 km).
Rainfall did appear to have an effect on SP and temperature at Telica, especially during
large rain events. However, only rain events on September 1, September 20, and October
5 corresponded to decreases in SP. There was also much less short term variation in both
temperature and SP during the dry season. On November 22 there were two anomalous
spikes followed by a large drop in SP that corresponded to decreases in temperature at T2
and T3. However, temperatures at T1, the sensor located next to the hot electrode,
showed no change in temperature.
A clear diurnal and sometimes a semi-diurnal component were seen in the SP data
(Figure 25). However, spectral estimates of the temperature data show dominant 24 hour
and 11 hour components (Figure 25). Long term trends in temperature were positive,
ranging from 0.002 °C/day for T1 to 0.025 °C/day for T3 (Figure 24). The trend in SP
seen at Telica of 0.15 mV/day was smaller than the trend seen at Masaya (Figures 13 and
24).

24 hr

24 hr

12 hr

11 hr

Figure 25. Spectral estimate of SP and temperature at T1 at Telica, showing dominant 24
and 12 hour periods in SP and 24 and 11 hour periods in temperature.
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Discussion

The use of the SP method in volcanic areas has recently gained more attention due
to successes seen at Unzen (Hashimoto and Tanaka, 1995) and Piton de la Fournaise
(Zlotnicki et al., 2001). However, before the method can be employed with any
confidence as a monitoring and forecasting tool it is important to understand the
variability of SP anomalies with time. Thus far, only a few studies have been aimed at
understanding these changes (Hashimoto and Tanaka, 1995; Zlotnicki et al., 2001;
Friedel et al., 2004). The purpose of this study was first to correlate the SP anomalies
seen at Masaya, Telica, and Cerro Negro with CO2 flux. Secondly, continuous
monitoring stations on Masaya and Telica were deployed in order to collect temperature,
SP, rainfall, and barometric pressure data with the goal of studying patterns in the times
series. Given a solid understanding of SP anomalies on volcanoes we can one day
employ this approach as a monitoring technique on active volcanoes around the world.

SP and CO2 Flux Profiles
SP and CO2 flux profiles collected on Masaya show good correlation between SP
and CO2 flux highs (Figures 10 and 11). Clear peaks in SP are seen on all profiles
completed on Masaya and most likely coincide with fractures where fluid flow is less
restricted. The sharp increase in SP seen in the profile completed on Cerro Negro clearly
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defines the edge of the fumarole area at 20 m (Figure 12). CO2 flux measurements at
Cerro Negro also show an increase over the fumarole. The profiles completed at Telica
showed no SP or CO2 flux anomalies for the majority of the profile, despite the presence
of fumaroles (Figure 12). This suggests that there is very little hydrothermal activity at
the profile location. Overall, these observation reinforce the idea that SP can indicate
areas of diffuse gas flux on the flanks of volcanoes (Lewicki et al., 2003), although the
SP anomalies themselves are not the direct result of gas flow.

Continuous SP Monitoring: Masaya Volcano
Throughout the monitoring period at Masaya a persistent positive SP anomaly
was seen in the time series. This anomaly is most likely due to the electrokinetic
potential created by the upwelling of hydrothermal fluids from depth and from the vadose
zone into the fracture zone at Comalito, as is depicted in Figure 26. The amplitude of the
anomaly fluctuated between 60 and 240 mV, with the largest fluctuations occurring
during the rainy season (Figure 13). The largest SP drops were seen after the largest rain
events in July and October (Figures 13 and 15). A minimum threshold of rainfall was
needed to produce a response and so the smallest rain events (less than ~10 mm total
rainfall) generally had no observable effect on the SP signal. The recovery time after rain
events was generally several hours to several days, depending on the size of the rain
event. The persistence of the SP anomaly throughout the rainy season suggests that the
rainfall only worked to suppress the anomaly for a short time during and after significant
rain events. One explanation for the decrease in SP seen during heavy rainfall is that the
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increased amount of recharge during these times likely produced a large increase in pore
pressure which in turn caused an increase in the fluid flow through the fracture zone
(Figure 27). The increased flow may have contributed to an increase in temperature seen
at the ground surface. This temperature contribution, when added to a temperature
increase due to volcanic activity, may explain the large temperature increases seen at the
onset of rainfall. However, the effects of the downward percolation of the rainfall far
exceeded the effects of the increased fluid flow in the fracture zone and so worked to
suppress the SP anomaly for a short time during and after heavy rain events. The time
scale of the suppression was generally several hours to several days and was most likely
controlled by the amount of time needed for the additional water to evaporate as water
vapor through the fracture system or drain to the water table.
The temperature transients seen in June and October coincided with times of
increased activity in Santiago crater, suggesting a link between the active magma system
and the Comalito site. However, significant increases in SP were not observed during the
temperature transients, despite a maximum increase in temperature of 9 °C in June and 4
°C in October. Instead, large decreases in SP, which coincided with large rain events,
were observed during both transients. The model shown in Figure 27 is one explanation
for the lack of any significant increase in SP during both temperature transients.
However, it also possible that the heat transfer mechanism is one which has no effect on
SP, such as an influx of heated volcanic gases or fluids with the same ionic charge as the
surrounding fluids.
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Figure 26. Schematic of the background conditions at Masaya. Above the groundwater
table hydrothermal upwelling from depth or from the vadose zone flows into the fracture
zone, which has a higher permeability than the surrounding rock. This upwelling of
hydrothermal fluids is recorded at the surface as a positive SP anomaly. The temperature
of the groundwater at the water table is unknown, but most likely is close to boiling,
given vapor flux and fumarole temperatures. The depth to the groundwater table is from
MacNeil et al. (in press).

The diurnal and semi-diurnal variations seen in temperature, barometric pressure,
and SP were much more noticeable during the dry season, but were also present during
the rainy season. Closer inspection of the data reveals broad correlations between
barometric pressure, SP, and temperature. In the system at Masaya large increases
(decreases) in SP (100 mV) occurred approximately two hours before small increases
(decreases) in barometric pressure (0.3 – 0.6 KPa). One explanation for the broad
correlation between SP and barometric pressure is that as barometric pressure begins to
increase it forces an increase in pore pressure, which then produces an increase in the
fluid flow into the open fracture zone. This increased flow results in an increase in the

42

SP anomaly (Figure 28). During times of decreases in barometric pressure a decrease in
pore pressure produces a decrease in the fluid flow into the open fracture zone, resulting
in a decrease in the SP anomaly (Figure 29). Changes in pore pressure in response to
changes in barometric pressure have also been seen in studies of water wells (Hare and
Morse, 1997; Seo, 1997; Rasmussen and Crawford, 1997; Spane, 2002). It has been
shown that in wells and porous media increases in barometric pressure cause increases in
pore pressure and decreases in barometric pressure cause decreases in pore pressure (Seo,
1997).
However, as changes in barometric pressure have opposite effects on SP and
temperature, and diurnal variations in SP are out of phase with diurnal variations in
barometric pressure and temperature it is likely that the generation of the SP anomaly is
more complex than the simple model presented in Figures 28 and 29. One explanation is
that the SP anomaly is being driven by some unknown external, diurnal forcing. Another
explanation is that the SP anomaly generation is more sensitive to fluid flow throughout
the vadose zone and not just fluid flow from depth through the fracture zone, as appears
to be the case for temperature. For example, an introduction of a heated gas phase into
the hydrothermal upwelling from depth would cause an increase in temperature without
affecting the SP anomaly, as was seen during the temperature transients in June and
October. In addition, changes in barometric pressure appear to have a different effect on
flow through the vadose zone than on flow from depth. This is best illustrated during
times of increased barometric pressure which show broad correlations with increases in
SP but conversely, show broad correlations with decreases in temperature.
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Figure 27. Schematic of the system at Masaya during times of heavy rainfall. As the
increased recharge during times of heavy rainfall enters the system a large increase in
pore pressure occurs which increases the flow of fluids up the fracture zone. This
increased flow may contribute to the increase in temperature seen at the ground surface.
A decrease in the SP anomaly is seen because the downward percolation of the heavy
rainfall far exceeds the additional upward fluid flow into the fracture zone. The
temperature of the groundwater at the water table is unknown, but most likely is close to
boiling, given vapor flux and fumarole temperatures. The depth to the groundwater table
is from MacNeil et al. (in press).

A significant increasing trend was also seen in temperature and SP data at Masaya
throughout the monitoring period. This trend is likely a component of a larger seasonal
variation as was seen at Piton de La Fournaise (Zlotnicki et al., 2001). The increases in
SP seen around the same time every month do not correspond to any increases in
temperature, suggesting that they are not related to changes in volcanic activity. It is
possible that they are associated with tidal cycles; however more study is needed to
determine the exact cause.
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Figure 28. Schematic of the system at Masaya during times of increased barometric
pressure. As barometric pressure increases it forces an increase in pore pressure. This
increase in pore pressure produces an increase in the hydrothermal fluid flow into the
open fracture zone. The increased flow then contributes to the increase in the SP
anomaly. The temperature of the groundwater at the water table is unknown, but most
likely is close to boiling, given vapor flux and fumarole temperatures. The depth to the
groundwater table is from MacNeil et al. (in press).
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Figure 29. Schematic of the system at Masaya during times of decreased barometric
pressure. As barometric pressure decreases it forces a decrease in pore pressure. This
decrease in pore pressure produces a decrease in the hydrothermal fluid flow into the
open fracture zone. The decreased flow then contributes to the decrease in the SP
anomaly. The temperature of the groundwater at the water table is unknown, but most
likely is close to boiling, given vapor flux and fumarole temperatures. The depth to the
groundwater table is from MacNeil et al. (in press).
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Continuous SP monitoring: Telica Volcano
Unlike data collected at Masaya, data from Telica showed mostly short term
decreases in temperature and SP. Many of the short term decreases coincided with rain
events, so it is likely that these decreases were caused by rainfall. However, because of
the large distance from the rain gauge to the continuous monitoring station it is
impossible to say for sure which rain events impacted Telica.
Most of the changes in temperature and SP were confined to diurnal and semidiurnal variations, which were seen throughout the monitoring period. The only
significant changes in SP were the anomalous spikes seen in November. Decreases in
temperature in T2 and T3 were recorded during the same time as the anomalous spikes
and were likely due to rainfall from a passing storm, which most likely produced
lightening. The proximity of the electrodes to a large antenna (Figure 7) raises the
susceptibility of the site to lightening strikes which, coupled with the decrease in
temperature in T2 and T3, suggests that the anomalous spikes were due to the passing of
a storm. The overall increasing trend seen in the temperature and SP data is most likely
part of a larger seasonal variation as at Masaya. The lack of significant CO2 flux or
increases in SP at Telica despite reported activity suggests that the site may experience
less hydrothermal activity than at Masaya, which highlights the need for good site
selection for SP monitoring.
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Conclusion

Understanding the phenomena that influence SP anomalies is important to the
development of the SP method for use as a volcano monitoring tool. The study presented
in this thesis was carried out to investigate the variations in temperature, barometric
pressure, rainfall, and SP over time. The following conclusions and recommendations
can be made on the basis of this study:

1) Spatial surveys identified broad correlations between SP and CO2 flux in all
three areas. These results support the notion that short-wavelength SP anomalies occur in
areas of diffuse degassing on volcanoes as was shown by Lewicki et al. (2003).
2) Large positive SP anomalies of 60 to 240 mV, that occur in these areas of
diffuse degassing, have been shown to persist year-round despite seasonal variations in
rainfall.
3) Rain events above ~10 mm total rainfall can have a significant short-term
effect on SP. These large rain events can produce maximum decreases in SP of 76 mV
which can persist for several days to several weeks. SP surveys must either be conducted
in the same season, or corrections to the data must be attempted.
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4) Broad correlations were seen between small variations in barometric pressure
(0.3 – 0.6 KPa) and very large changes in SP (100 mV). The link between variations in
barometric pressure and SP should be investigated further.
5) Changes in SP do appear to be connected to mass flow based on spatial
surveys of SP and CO2 flux collected during this and other studies (Lewicki et al., 2003)
However the relationships between SP, temperature, and barometric pressure seen in this
study suggest a complex relationship. It is important that correlations of SP with mass
flow be applied with caution.
6) Rainfall or soil moisture and barometric pressure should also be monitored
during any SP investigation. At Masaya and Telica, a distinctive SP signal was
sometimes seen in the data after rain events. The signal consisted of a rapid decrease in
SP followed by an increase which approached the background SP signal asymptotically.
This distinctive signal may be a characteristic of SP response to rainfall; however more
study is needed to be sure.
7) Site choice is key to the success of any continuous SP monitoring station, as
was seen from the data collected at Telica. Sites should be chosen with minimal
elevation change, a large SP anomaly, and evidence of mass flow (e.g. high volcanic gas
flux). Studies of variations in SP anomalies would also greatly benefit from the use of
spatial and temporal continuous monitoring; including the installation of a network of
electrodes at each site, several sites along the flanks of a single volcano, and several
studies conducted on multiple volcanoes.
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Appendix 1: Additional Plots, Masaya
The following are plots of the entire data set created during the analysis of data
collected at the continuous monitoring station at Masaya between May 27, 2006 and
March 19, 2007.

24 hr

12 hr

Figure 1. Spectral estimate of self-potential at Masaya, showing dominant 12 and 24
hour periods.
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Appendix 1 (continued)

24 hr

12 hr

Figure 2. Spectral estimate of barometric pressure at Masaya, showing dominant 12 and
24 hour periods.

24 hr

12 hr

Figure 3. Spectral estimate of temperature at 90 cm at Masaya, showing a dominant 24
hour period and minor 12 hour period.
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Appendix 1 (continued)

Figure 4. Spectral estimate of rainfall at Masaya, showing no dominant periods.

24 hr

12 hr

Figure 5. Spectral estimate of self-potential during the June anomaly at Masaya, showing
no dominant 12 or 24 hour periods.
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Appendix 1 (continued)

24 hr

12 hr

Figure 6. Spectral estimate of barometric pressure during the June anomaly at
Masaya, showing no dominant 12 or 24 hour periods.

24 hr

12 hr

Figure 7. Spectral estimate of temperature at 90 cm during the June anomaly at
Masaya, showing no dominant 12 or 24 hour periods.
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Appendix 1 (continued)

24 hr

12 hr

Figure 8. Spectral estimate of self-potential during the October anomaly at
Masaya, showing no dominant 12 or 24 hour periods.

24 hr

12 hr

Figure 9. Spectral estimate of barometric pressure during the October anomaly at
Masaya, showing no dominant 12 or 24 hour periods.
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Appendix 1 (continued)

24 hr

12 hr

Figure 10. Spectral estimate of temperature at 90 cm during the October anomaly at
Masaya, showing no dominant 12 or 24 hour periods.
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Figure 11. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time period from May 27,
2006 through March 21, 2007 for Masaya. SP data have been filtered using to low-pass filter.

Appendix 1 (continued)

63

Figure 12. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time period from May 27,
2006 through March 21, 2007 for Masaya, showing long term trends. SP data have been filtered using a low-pass
filter.

Appendix 1 (continued)
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Appendix 1 (continued)

Figure 13. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from June 4, 2006 through June 30, 2006 for Masaya.
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Appendix 1 (continued)

Figure 14. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from June 4, 2006 through June 13, 2006 for Masaya.
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Appendix 1 (continued)

Figure 15. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from June 7, 2006 through June 8, 2006 for Masaya.
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Appendix 1 (continued)

Figure 16. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from June 9, 2006 through June 10, 2006 for Masaya.
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Appendix 1 (continued)

Figure 17. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from June 11, 2006 through June 12, 2006 for Masaya.
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Appendix 1 (continued)

Figure 18. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from October 15, 2006 through October 28, 2006 for Masaya.
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Appendix 1 (continued)

Figure 19. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from October 18, 2006 through October 19, 2006 for Masaya.
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Appendix 1 (continued)

Figure 20. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from October 20, 2006 through October 21, 2006 for Masaya.
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Appendix 1 (continued)

Figure 21. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from October 22, 2006 through October 23, 2006 for Masaya.
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Appendix 1 (continued)

Figure 22. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from October 24, 2006 through October 25, 2006 for Masaya.
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Appendix 1 (continued)

Figure 23. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from July 6, 2006 through July 25, 2006 for Masaya.
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Appendix 1 (continued)

Figure 24. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from September 6, 2006 through September 27, 2006 for Masaya.
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Appendix 1 (continued)

Figure 25. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from January 28, 2007 through February 27, 2007 for Masaya.
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Appendix 1 (continued)

Figure 26. Temperature and rainfall (top) and self-potential and rainfall (bottom) for time
period from February 8, 2007 through February 10, 2007 for Masaya.
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Figure 27. Temperature difference and rainfall (top) and self-potential and rainfall (bottom) for time period from
May 27, 2006 through March 21, 2007 for Masaya. SP data have been filtered using a low-pass filter.

Appendix 1 (continued)
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Appendix 1 (continued)

Figure 28. Temperature difference and rainfall (top) and self-potential and rainfall
(bottom) for time period from June 5, 2006 through June 11, 2006 for Masaya.
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Appendix 1 (continued)

Figure 29. Temperature difference and rainfall (top) and self-potential and rainfall
(bottom) for time period from October 15, 2006 through October 28, 2006 for
Masaya.
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Appendix 1 (continued)

Figure 30. Barometric Pressure (top) and self-potential (bottom) for time period from
November 11, 2006 through March 19, 2007 for Masaya.
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Appendix 1 (continued)

Figure 31. Barometric Pressure (top) and self-potential (bottom) for time period from
February 8, 2007 through February 10, 2007 for Masaya.
83

Appendix 2: Additional Plots, Telica
The following are plots of the entire data set created during the analysis of data
collected at the continuous monitoring station at Telica between June 1, 2006 and March
21, 2007.

24 hr

12 hr

Figure 1. Spectral estimate of self-potential at Telica, showing dominant 12 and 24 hour
periods.
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Appendix 2 (continued)

24 hr

11 hr

Figure 2. Spectral estimate of temperature at T1 at Telica, showing dominant 11 and 24
hour periods.
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Figure 3. Temperature and rainfall (top) and self-potential and rainfall (bottom) for Telica Volcano.
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Figure 4. Temperature and rainfall (top) and self-potential and rainfall (bottom) for Telica, showing long term trends.

Appendix 2 (continued)
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Appendix 2 (continued)

Figure 5. Temperature (top) and self-potential (bottom) for time period from
October 8, 2006 through October 30, 2006 for Telica.
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Appendix 2 (continued)

Figure 6. Temperature (top) and self-potential (bottom) for time period from
November 10, 2006 through November 30, 2006 for Telica.
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Appendix 2 (continued)

Figure 7. Temperature (top) and self-potential (bottom) for time period from
January 4, 2007 through January 18, 2007 for Telica.
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Appendix 2 (continued)

Figure 8. Temperature (top) and self-potential (bottom) for time period from
March 10, 2007 through March 20, 2007 for Telica.
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